Surface enhanced Raman spectroscopy (SERS) imaging was used in conjunction with principal component analysis (PCA) for the in situ spatiotemporal mapping of the virulence factor pyocyanin in communities of the pathogenic bacterium Pseudomonas aeruginosa. The combination of SERS imaging and PCA analysis provides a robust method for the characterization of heterogeneous biological systems while circumventing issues associated with interference from sample autofluorescence and low reproducibility of SERS signals. The production of pyocyanin is found to depend both on the growth carbon source and on the specific strain of P. aeruginosa studied. A cystic fibrosis lung isolate strain of P. aeruginosa synthesizes and secretes pyocyanin when grown with glucose and glutamate, while the laboratory strain exhibits detectable production of pyocyanin only when grown with glutamate as the source of carbon. Pyocyanin production in the laboratory strain grown with glucose was below the limit of detection of SERS. In addition, the combination of SERS imaging and PCA can elucidate subtle differences in the molecular composition of biofilms. PCA loading plots from the clinical isolate exhibit features corresponding to vibrational bands of carbohydrates, which represent the mucoid biofilm matrix specific to that isolate, features that are not seen in the PCA loading plots of the laboratory strain.
Introduction
Pseudomonas aeruginosa is a Gram-negative bacterium and opportunistic human pathogen that can cause severe chronic infections, leading to a high rate of mortality in patients afflicted with burns, wounds, acute leukemia and cystic fibrosis (CF). 1 The success of P. aeruginosa as a pathogen depends partly on the production and secretion of an arsenal of virulence factors, which include the phenazinesa class of redox-active heterocyclic small-molecule metabolites. 2 Phenazines have also been implicated in several functions critical to the survival of the bacteria, such as biofilm formation and growth. Pyocyanin (5-N-methyl-1hydroxy-phenazine) is the most widely studied phenazine primarily due to its role in pathogenesis. 3 The presence of pyocyanin in CF lung isolates has been associated with lung damage, which is one of the hallmarks of the disease. 4 High amounts of pyocyanin are typically found in sputum of patients with P. aeruginosa infections. It is thought to play an important role in chronic infection, causing a progressive loss of lung function, which is the principal cause of death in >80% of patients. 4, 5 The pathogenicity of P. aeruginosa is strain dependent, with some strains being more virulent than others. For example, between two common laboratory strains, P. aeruginosa PA14 is often observed to be more virulent than P. aeruginosa PAO1. 6 The nutrients available to the bacteria during growth may also influence phenotypes associated with cell-cell signaling, motility, biofilm formation and the production of virulence factors. 7 Pseudomonas aeruginosa in CF sputum preferentially catabolizes amino acids like L-alanine, L-arginine and L-glutamate over other carbon sources like lactic acid and glucose. 8 Furthermore, aromatic amino acids in the sputum of CF patients may promote synthesis and secretion of the signaling molecule 2-heptyl-3-hydroxy-4-quinolone commonly known as the Pseudomonas quinolone signal (PQS). Caldwell et al. demonstrated that many CF clinical isolates of P. aeruginosa produce more pyocyanin than laboratory strains, like PAO1, 9 and Huang et al. 10 showed the effect that various carbon sources had on catabolite repression of pyocyanin biosynthesis. Thus, together the phenazines, typified by pyocyanin, and the quinolones/quinolines play important, but still not well understood, roles in mediating the interactions of P. aeruginosa with other organisms and its spatial and temporal organization at the community level. 11 Raman spectroscopy is a non-invasive spectroscopic method capable of yielding detailed molecular information. Importantly, Raman scattering is not affected by the presence of water, making it ideal for the study of biological samples, such as microbial communities, in their natural environment. However, unenhanced Raman signals are inherently weak. They can, however, be greatly amplified by surface enhanced Raman scattering (SERS), which intensifies the signal by factors ranging from 10 6 -10 8 (averaged over many molecules) to 10 14 (special cases of single molecules in metallic nanogaps) when the molecule of interest is in close proximity to an enhancing surface feature. 12 Raman and SERS have both been used for identification and classification of bacterial cells in a variety of samples from single cells to microcolonies. [13] [14] [15] [16] [17] [18] [19] [20] Building on this success, Raman microspectroscopy also offers the possibility of studying the microenvironment in bacterial communities and gaining biochemical and spatial information about secreted metabolites and chemical signaling molecules in real time. This capability has to date only been lightly explored, although it is ideally suited to developing an understanding of structure, function and heterogeneity in complex microbial samples, like bacterial biofilms.
In this study we present in situ SERS spatial and temporal mapping of P. aeruginosa bacterial communities that show interesting strain-and nutrient-based differences in the production of key chemical signatures, as exemplified by pyocyanin. This study employs SERS imaging of a large area of the sample (25 mm Â 25 mm) in contrast to the more common practice of collecting microspectra from a single spot. This large area vibrational spectroscopic mapping provides a more comprehensive picture of the cell-cell relationships in the community, and this is then followed by principal component analysis (PCA) in order to classify the major factors influencing spectral heterogeneity within the community. The combination of SERS and PCA applied to large area data collections produces additional information when compared to averaging single spectra, avoids the random contaminant spectra often seen in SERS, and also provides critical insight into the spatial distribution of metabolites and their role in organizing microbial communities.
Experimental Materials
Silicon substrates were purchased from WRS Materials (San Jose, CA) as 3 inch diameter wafers of Si (100), then scored and broken into 2 cm Â 2 cm tiles before use. Pyocyanin standard, sodium borohydride (NaBH 4 ), and silver nitrate (AgNO 3 ) were purchased from Sigma Aldrich (St. Louis, MO) and used without further purification.
Colloid Synthesis
Colloidal silver solutions were prepared according to the standard protocol of Lee and Meisel. 21 A solution of 8.5 mg of AgNO 3 in 50 mL water was added dropwise to 150 mL of 1 mM NaBH 4 while stirring in an ice-bath. 22 The resultant pale yellow solution was stirred and maintained at 4 C for 1 h. Ultraviolet-visible spectra were used to estimate the size of the nanoparticles. The above method was expected to produce 10-14 nm particles, with the absorbance maxima at 390 nm indicating particles smaller than 12 nm. Samples were then decorated by exposure to a solution containing $3 Â 10 12 Ag nanoparticles (AgNP) mL À1 .
Pellicle Biofilm Growth and Sample Preparation
Pseudomonas aeruginosa strains PAO1C (laboratory strain) 7 and FRD1 (cystic fibrosis lung isolate) 23 were used in this study. Cell cultures were grown overnight at 37 C with shaking at 240 rpm in modified fastidious anaerobe broth (FAB) culture medium 7 supplemented with either 30 mM filter sterilized glucose or glutamate as the source of carbon. Pellicle biofilms (biofilms that form at the airliquid interface) of FRD1 and PAO1C were grown in a test tube by inoculating 6 mL fresh FAB medium containing 150 mL of 1.2 M glucose or glutamate, with 200 mL of the overnight cell culture (OD ¼ 1 at 600 nm) followed by incubation (without shaking) at 37 C until the desired growth time had elapsed. 24 For SERS analysis, 50 mL of the growth at the air-liquid interface was carefully pipetted onto sterile 2 cm Â 2 cm silicon wafers, and 100 mL of the colloid solution was then added to the sample and allowed to dry in the dark. The resulting biofilms were physically heterogeneous, with thickness varying with lateral position, making it possible to obtain signals from SERS-active sites embedded within the biofilm extracellular polymeric substances (EPS), as well as those at the biofilm-ambient interface. A white light image of a typical transferred biofilm on Si is included as Figure S1 .
Scanning Electron Microscopy
Dried samples were sputter coated with 2 nm of Au/Ir, and scanning electron microscope (SEM) (Magellan 400 FESEM, FEI, Netherlands) images were acquired with a 2.1 mm working distance. The electron beam was operated at an accelerating voltage of 3 kV and a current of 6.3 pA.
Instrumentation and Data Analysis
Surface enhanced Raman spectroscopy imaging was performed using a laser scanning confocal Raman microscope (Alpha 300R, WITec, GmbH, Germany), equipped with a 532 nm focused Nd:YAG laser. The laser radiation was delivered to the microscope using a polarization preserving single-mode optical fiber, deflected through a dichroic beam-splitter and focused onto the sample through the microscope objectives. The Raman scattered radiation was collected using the same objectives and delivered through a 50 mm diameter multi-mode fiber to a UHTS 300 spectrometer equipped with a 600 groove mm À1 grating and a back-illuminated CCD camera (Newton DU970 N-BV, Andor Inc., cooled to À60 C). Surface enhanced Raman spectroscopy images were acquired using a coverslip corrected Nikon water immersion 60Â objective (NA ¼ 1). Images were obtained by acquiring a full Raman spectrum from each image pixel (80 Â 80 pixels or 6400 spectra) over a 25 mm Â 25 mm region on the sample with an integration time of 100 ms/spectrum. MATLAB was used to perform principal component analysis (PCA) using previously described custom scripts. 25 The SERS spectra were rendered in IGOR Pro 6.3.
Results and Discussion
The biofilm matrix encases bacterial cells in extracellular polymeric substances, a complex agglomeration of secreted material that include small molecule metabolites, fluorescent pigments and complex carbohydrates. 26 Pseudomonas biofilms produce, among other components, rhamnolipids, quinolines/quinolones and phenazines, 27 with multiple roles being assigned to each class of compounds, depending on the time and local environment. [28] [29] [30] The first problem to be overcome in the Raman analysis of bacterial communities arises from interference from fluorescent pigments. Fortuitously, as shown in Figure 1 , SERS enables Raman spectral acquisition from highly fluorescent biofilm matrices, presumably because the Ag nanoparticles 31, 32 quench sample autofluorescence, as well as providing the signal enhancements that increase sensitivity compared to unenhanced Raman spectroscopy. 33 Because the Raman signal enhancement in SERS falls off with distance, r, approximately as r À10 , 34 it requires that the nanoparticles be in close proximity to the analyte molecule.
Scanning electron microscopy (SEM) images of P. aeruginosa biofilm samples coated with 10-12 nm diameter Ag colloid were obtained to understand how the nanoparticles were distributed in the sample relative to the cells and the EPS. A representative SEM image in Figure 2 shows that the nanoparticles are distributed heterogeneously on the sample surface with regions of aggregated clusters interspersed among areas of sparse coverage, which is typical when colloidal particles are used as the enhancing medium. 35, 36 High SERS enhancement is expected from the regions where the clusters are co-localized with the analytes of interest. The spatial length scale is set in bacterial communities and biofilms by the size of P. aeruginosa bacterial cells, i.e., 1-2 mm. As Figure 2 illustrates there are relatively few areas this large that are not in contact with Ag colloid.
Surface enhanced Raman spectroscopy imaging can also be coupled with multivariate statistical approaches, such as PCA, to provide more detailed insight into the chemical makeup of the EPS. The problem in Raman imaging of extended objects, such as bacterial biofilms, at high spatial resolution with laser scanning confocal Raman microscopy is that a typical volume element (voxel) represents a volume of the order 1 mm 3 while the entire biofilm may occupy a volume 10 8 times larger (1 mm Â 1 mm Â 100 mm). Thus, it is important to know how to optimally integrate and interpret the spectral data acquired from individual 1 mm 3 voxels. In this context, it is possible to obtain chemical information from principal components that is not available from a single spectrum, or even by averaging spectra collected over different locations, owing to the inherent sample heterogeneity and the need to tradeoff signal-tonoise (S/N) ratio (exacerbated by interference from background and fluorescence) versus acquisition time. This issue is illustrated in Figure 3 , which shows a 25 mm Â 25 mm image of the sample generated from the integrated intensities over the 2800-3000 cm À1 window of the n(C-H) spectral region. The C-H stretching region is quite strong in the SERS spectra obtained from biofilm EPS. Subsequent PC analysis of the Raman images reveals that the regions where the n(C-H) is strong are also regions where pyocyanin is present in high abundance and is enhanced relative to other analytes. Three individual spectra from different locations of the image in Figure 3 (a) are shown in Figure 3 This heterogeneity in spectral response is a common issue in SERS microscopy. Indeed, heterogeneity arises as a fundamental characteristic of the spatiotemporal production and secretion of extracellular substances, such as pyocyanin. There are a number of different ways that it has been addressed, for example searching for suitable spots that yield ''typical'' spectra or averaging spectra from multiple locations. Obviously, trying to represent typical spectra is subject to operator bias, while averaging, in addition to being cumbersome and inefficient, can produce misleading results. For example, Figure 3 (e) shows a spectral response obtained by averaging all 6400 spectra in the image in the area covered by Figure 3(a) . The averaging results in improved S/N ratio when compared to single spectra, but it does not resemble any of the individual spectra in Figure 3 (b)-(d), although it does contain the pyocyanin marker band at 1354 cm À1 suggesting that pyocyanin is present at comparatively high levels throughout the imaged region. Nevertheless, the fidelity of information transfer from the averaging process is clearly less than ideal.
As an alternative to deterministic data processing approaches, classification approaches based on multivariate statistics show great promise. These approaches have been used extensively in diagnostics, for example bacterial identification from spectral data. 37, 38 Principal component analysis is especially attractive in addressing large multispectral datasets such as those acquired from confocal Raman imaging of heterogeneous biological samples, like bacterial biofilms, where it is important to sample large regions of the sample, 39 and there may be many individual components secreted by the bacteria in the biofilm. This is shown in Figure 4(a) , which is the loading plot of the first PC generated from the SERS image in Figure 4 (c). The heat map (Figure 4(b) ) corresponding to PC1 shows that it is localized to a small spot on the sample. This, along with the features in the loading plot, indicates that it may correspond to a contaminant-a valuable conclusion in that it may be disregarded so that other principal components can be examined in greater detail.
The second principal component (PC2) has features in the loading plot (Figure 4(d) ), that resemble Raman bands characteristic of pyocyanin in the sample, and the corresponding heat map (Figure 4(e) ) shows a relatively homogeneous distribution across the imaged area. Thus, PC2 is chemically relevant to the sample under study. Briefly, this is the strategy we apply to obtain useful information from the sample. The principal component loading plots offer spectral features of much superior quality than averaging of spectra, and enable observation of subtle changes in bacterial communities of closely related strains as shown in greater detail below. The PC heat map in Figure 4 (e), in particular, indicates that pyocyanin is present in high abundance throughout the imaged region of the biofilm with a small number of isolated regions of extra high intensity.
Having established the utility of mapping the principal components to elucidate behavior in complex multi-component samples, we next used SERS/PCA mapping to investigate the behavior of two P. aeruginosa strains, PAO1C and FRD1, grown using either glucose or glutamate as carbon source. Pellicle biofilms from PAO1C grown in glucose did not exhibit detectable levels of pyocyanin (data not shown). However, PAO1C grown in glutamate and FRD1 grown in either glucose or glutamate produced detectable levels of pyocyanin ( Figure 5 ). The first principal components generated from PC analysis of SERS images collected from pellicle biofilms of FRD1 and PAO1C reveal high z-score features at $1352 cm À1 , 1511 cm À1 , 1572 cm À1 and 1600 cm À1 (Figure 5(a, i) , (b, i), (c, i)) that are in concordance with vibrational bands representing a combined C-C/C-N stretch and C-H in-plane bend at 1352 cm À1 , CH 3 wag and C-H in-plane bend at 1511 cm À1 and ring deformation stretch at 1572 cm À1 , 1600 cm À1 and 1600 cm À1 40,41 present in the SERS spectrum of pyocyanin standard ( Figure S2 ; spectra of medium and background components are given in Figures S3-S6 ). This suggests that a substantial amount of pyocyanin is secreted by the bacteria within the imaged regions of the biofilm. This point is emphasized by comparing the heat maps of the principal components identified as being dominated by pyocyanin ( Figure 5 (a, ii), (b, ii), (c, ii)) with the corresponding Raman intensity maps ( Figure 5 (a, iii), (b, iii), (c, iii)). There is an obvious concordance between the positions of high intensity in the heat maps and in the Raman images, even though the two were selected to examine different features of the biofilm. The Raman images are integrations over the 2800-3000 cm À1 region. Full spectra including the 2800-3000 cm À1 region are given for regions of high and low intensity for all three samples in Figure S7 and a comparison of Raman images integrated over 600-1800 cm À1 and 2800-3000 cm À1 are given in Figures S8(a) and S8(b), respectively. Here we use the Raman images as a proxy for the total density of organic material at a given location, thus suggesting that, at least under these conditions, the portion of the secretome sampled by SERS is dominated by pyocyanin. The predominance of pyocyanin-related features indicates that pycyanin is present in high abundance and is enhanced by AgNPs that are in close proximity within the biofilm EPS.
Furthermore, in addition to features corresponding to the vibrational bands of pyocyanin, the most significant principal components from SERS images of FRD1 pellicle biofilms ( Figure 5 (a, i), (b, i)) exhibit a distinct feature at $935 cm À1 that does not appear in the PAO1C biofilm grown on either carbon source. This feature in the loading plot corresponds to vibrational bands associated with C-C-H and C-O-H modes of carbohydrates. 42, 43 The presence of carbohydrates in greater abundance in FRD1 biofilms is associated with the mucoid phenotype characteristic of the FRD1 strain, which is considered to provide protection to the bacteria against the host immune system, phagocytosis and antibiotics, 44 allowing the bacteria to cause persistent infections in the host. Beyond its chemical interpretation, the presence of the 935 cm À1 feature and its association with a non-pyocyanin source serves to highlight the fact that principal components are not necessarily derived from a single molecular source and that they must, therefore, be interpreted with care. Finally, the obvious differences in pyocyanin production from FRD1 and PAO1C strains grown on the two carbon sources suggest corresponding differences in the biosynthetic pathways utilized at the sub-species level. Whereas PAO1C is competent to synthesize phenazines (of which pyocyanin is the most abundant member) from glutamate, but not glucose, FRD1, along with other morphological differences in EPS production, is clearly competent to biosynthesize pyocyanin from either carbon source. 
Conclusions
Surface enhanced Raman spectroscopy imaging produced high quality data from spatially distinct regions of single biofilm samples and across multiple biofilm samples, making it a suitable technique for chemometric analysis. The use of SERS in conjunction with PCA allows rapid sample analysis, eliminating the need to find an optimal location, thus bypassing inherent difficulties associated with the analysis of biological samples, such as autofluorescence from cellular metabolites. Studies of bacterial communities, like biofilms, can especially benefit from this approach as it offers similar enhancement factors as engineered SERS substrates fabricated using e-beam or chemical assembly, but uses cost-effective metal nanoparticle colloids, which can be easily synthesized in most laboratory settings. Furthermore, Ag nanoparticle mediated SERS samples were effective in reducing background fluorescence, a particularly important attribute in light of the fluorescent nature of the phenazine class of secreted virulence factors.
Finally, we note the special nature of SERS, the media and geometries that are efficient at enhancing Raman scattering, and the potential for biased sampling. Given the highly nonlinear nature of SERS hot spots, [45] [46] [47] it is at least possible that molecules with a strong propensity to bind to Ag nanoparticles will experience a disproportionate enhancement. This would be an aid in the study of phenazines, but it presents a factor that must be weighed in interpreting the data.
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